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ABSTRACT 
The dispersed-phase structure of the dense-spray region of 
pressure-atomized sprays was studied for atomization breakup 
conditions, considering large-scale (9.5 mm initial diameter) 
water jets in still air at ambient pressures of I ,  2 and 4 atm., 
with both fully-developed turbulent pipe flow and 
nonturbulent slug flow at the jet exit. Drop sizes and 
velocities, and liquid volume fractions and fluxes, were 
measured using holography. Measurements were compared 
with predictions based on the locally-homogeneous flow 
&€IF) approximation as well as recent correlations of drop 
sizes after primary breakup of turbulent and nonturbulent 
liquids. The dispersed-flow region beyond the liquid surface 
was relatively dilute (liquid volume fractions less than 0. l%), 
with significant separated-flow effects throughout, and 
evidence of near-limit secondary breakup and drop 
deformation near the liquid surface. Turbulent primary 
breakup predictions were satisfactory at atmospheric pressure, 
where the correlation was developed, but failed to predict 
observed trends of decreasing drop sizes with increasing gas 
density due to aerodynamic effects; in contrast, the laminar 
primary breakup predictions successfully treated the relatively 
small effects of gas density for this breakup mechanism. 
Effects of liquid turbulence at the jet exit were qualitatively 
similar to single-phase flows, yielding faster mixing rates with 
increased turbulence levels even though drop sizes tended to 
increase as well. LHF predictions within the dispersed-flow 
region were only qualitatively correct due to significant 
separated-flow effects, but tended to improve as the ambient 
pressure and the distance from the jet exit increased. 
Namenclature 
C, = aerodynamic breakup constant, Eq.(8) 
G = ligament residencetime constant, Eq. (7) 
= injectordiameter 
= dropdiameter 
= volume-averaged ellipticity 
= mixture fraction 
= fully-developed flow 
= injector passage length 
= massmediandiameter 
= number of drops in sample 
= liquidflux 
based on length scale i, 
= jet Reynolds number, u0&, 
= slue flow 
Sim = Sauiermeandiameter 
U = sueamwisevelocity 
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= streunwise drop velocity 
= radialvelocity UP 
V = samplevolume 
WefA = integral-scale Weber number, pw,2No 
weg = spray Weber number, Eq. (2) 
weid = jet Weber number based on phase i, pi.oWo 
We = drop Weber number, Eq. (3) 
weg", = critical drop weber number for won- 
breakup 
wegsMo = primary breakup weber number, pS.o2Sm/o 
X = streamwisedistance 
a = liquid volume fraction 
A = radialintegralscale 
Ir = molecular viscosity 
V = !&emtic viscosity 
= density 
= surface tension 
P 
o 
% = ligament aerodynamic breakup time, Eq. (8) 
= ligament residence time, Eq. (7) 
f = liquid-phase property 
f c  = liquid core property 
g = gas-phase property 
0 = injector exit condition 
(-) = time-averaged rms property 
V 
L 
time- and Favre-averaged mean quantities 
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The present study extends past work in this laboratory 
concerning the properties of the near-injector dense-spray 
region of pressure-atomized sprays.'-6 The fust phase of the 
investigation involved measurements of liquid volume 
fractions,' and dispersed-phase smcture>.3 of large water jets 
(9.5 mm and 19.1 mm initial diameter) in still air at 
atmospheric pressure. Tseng et extended the liquid 
volume fraction measurements to treat effects of ambient gas 
density by studying sprays in still air at ambient pressures of 1 
- 8 atm. Additionally, mechanisms of primary breakup of both 
nonturbulent and turbulent liquids have been studied in air at 
normal temperature and pressure considering various liquids 
and jet exit diameters and velocities.s.6 The objective of the 
present investigation was to examine the effect of varying gas 
densities on the dispersed phase properties of dense sprays, 
emphasizing conditions within the multiphase mixing layer that 
begins right at the jet exit for atomization breakup conditions, 
for test conditions similar to Tseng et al.4 
Past work on pressure-atomized dense sprays has been 
discussed in several recent  review^.^-'^ Early studies 
emphasized breakup regimes, identifying conditions for 
Rayleigh, wind-induced and atomization breakupthe latter 
having greatest practical importance because of its wide range 
of operating conditions and production of small drops needed 
for rapid r n i ~ i n g . ' ~ - ~ 5  Subsequent work concentrated on 
visualization of the near-injector region of the flow and 
definition of the properties of the liquid core, which is much 
like the potential core of a single-phase jet.ls-m More recently 
the properties of the multiphase mixing layer surrounding the 
liquid core have been studied, beginning with measurements 
within the dilute spray region near the outer edge of this 
flow.21.22 
Past work in this laboratory has largely concentrated 




breakup, using relatively large diameter liquid jets (3.5 - 19.1 
mm) to provide reasonable spatial resolution.1-6 This has 
included measurements of liquid volume fraction distributions 
using gamma-ray absorption for water jets in air at various 
ambient pressures.1:' These results showed that mixing rates 
were influenced by the breakup regime, turbulence properties 
at the jet exit and the ambient gas density; not surprisingly, 
atomization breakup of initially turbulent liquid jets at large 
ambient gas densities yielded the fastest mixing rates. 
Predictions based on the locally-homogeneous flow (LHF) 
approximation, where relative velocities between the phases 
are neglected, were in good agresment with measurements for 
Favre-averaged mixture fractions greater than 0.85, but 
overestimated mixing rates at lower mixture fractions. The 
reasons for this behavior were explored by measuring thc 
structure of the multiphase mixing layer at atmospheric 
pressure-drop sizes, phase velocities, entrainment rates, and 
liquid volume fractions and fluxes-using holography and 
phase-discriminating laser velocimet1y.~3 The results showed 
significant effects of separated flow so that good performance 
of the LHF approximation only occurred at relatively large 
mixture fractions where the small velocities of the gas and 
small drops were not very important. The results also showed 
that the multiphase mixing layer was surprisingly dilute, with 
maximum liquid volume fractions less than 0.1%. while the 
change from large irregular drops near the liquid surface to 
small round drops near the edge of the flow implied significant 
effects of secondary breakup. 
The most recent work in this laboratory has considered 
the properties of primary breakup, using holograph to find 
drop sizes and velocities at atmospheric pressure3.I Two 
modes of primary breakup were considered: turbulent 
breakup, due to distortion of the liquid surface by turbulence; 
and nonturbulent breakup, due to stripping of liquid from 
boundary layers fonned on the windward side of waves along 
the liquid surface. Correlations of S M D  after primary breakup 
were achieved for both modes of breakup for a variety of 
liquids and jet exit diameters and velocities. However, these 
results have not been evaluated outside the relatively narrow 
range of liquiagas density ratios accessible for liquid jets in air 
at atmospheric pressure. 
The present invqstigation extends the earlier work in 
the laboratory,ld addressing effects of ambient gas density on 
the properties of the dispersed phase during atomization 
breakup. The test apparatus was the same as Ref. 4, involving 
observations of water jets in still air at pressures of I ,  2,and 4 
atm. with both turbulent and nonturbqlent jet exit condmons. 
Holography was used to find drop sizes and velocities, and 
liquid volume fractions and fluxes, within the dispersed-flow 
region beyond the liquid surface. Following earlier work,]" 
predictions of flow properties using the LHF approximation 
were used to help assess separated-flow effects on the 
structure of the flow. The correlations for primary breakup 
properties also were evaluated for effects of varying ambient 
gas density. 
The paper begins with descriptions of experimental 
methods and the main features of the LHF predictions. Then 
theoretical and experimental findings are discussed, treating 
drop propenies, phase velocities secondary breakup, primary 
breakup, and liquid volume fractions and fluxes, in turn. The 
present discussion is brief; additional details and a complete 
tabulation of data can be found in Tseng.3 
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Bpoaratus. The twt apparatus was identical to Tseng et 
aL4 Thls Involved a steady water jet injected vertically 
downward within a large windowed pressure vessel (1.5 m 
diameter x 4.5 m long). City water was fed to the injector 
uskg a centrifugal pump with a steady outflow of water from 
the bottom of the tank. The rate of water flow was adjusted V 
using a bypass system and measured using a paddle-whccl 
flow meter. 
Two 
injectors having exit diameters of 9.5 mm were used: one 
yielding slug flow with low turbulence intensities, the other 
yielding fully developed turbulent pipe flow. The slug flow 
injector consisted of a honeycomb flow straightener, two 
screens to calm the flow and a 13.61 area contraction 
designed following Smith and Wang24 to yield uniform 
velocities at the exit. The fully-developed flow injector had a 
similar configuration with the contraction followed by a 
constant area passage 41 jet exit diameters long to yield nearly 
fully-developed turbulent pipe flow at the exit. The injectors 
could be traversed (with positioning accuracies of 5 pm and 
0.5 mm in the horizontal and vertical directions) to 
accommcdate the rigidly mounted holocamera. 
Holoeamera 
The holocamera and reconstruction systems were the 
same as Ruff et aL2  except for changes needed to 
accommodate the relatively long object beam path (1800 mm) 
through the test chamber, see Tseng23 for specific details. 
Measurements were obtained over 6 x 6 x 4 mm3 volumes, 
using at least three holograms per position. The data was 
spatially averaged over the width of the measuring volumes, or * lL2 the distance between adjacent radial positions, whichever 
was smaller. 
Drops and other nearly spherical objects were sized by 
finding the maximum and minimum diameters through the 
centroid of the image. Assuming that the object was 
ellipsoidal, its diameter was taken to be the diameter of a 
sphere having the same volume as the ellipsoid. This 
procedure was not appropriate for elongated liquid elements 
where the centroid was outside the boundaries of the image. 
Then, the projected area and perimeter of the image were 
measured and the maximum and minimum diameters of the 
ellipsoid having the same crossectional area and perimeter 
were computed to find the effective sphere diameter as before. 
The ellipticity, defined as the ratio of the maximum and 
minimum ellipsoid diameters, was also computed for each 
object. 
Drop velocity measurements were based on the motion 
of the centmid of the image and were correlated as a function 
of diameter using a least-squares fit. This allowed lots of 
mixing layer while making maximum use of the data on the 
holograms at each position . Knowing the volume and 
velocities of liquid elements in the flow, liquid volume 
fractions and fluxes could be computed in a suaightfotward 
manner. 
Measurements typically involved analysis of 150 
objects at each position and pressure. Experimental 
uncertainties were generally dominated by sampling limitations 
rather than resolution of the reconstructed holograms. 
Experimental uncertainties (25 percent confidence) were as 
f0llows:~3 Sauter mean diameter (SMD) < 10%. volume- 
averaged ellipticity < 15%. liquid object velocities < 20%. 
liquid volume fractions < IS%, and liquid fluxes < 25%. All 
measurements were repeatahle well within these limits. 
The injectors were identical to past 
drop velocities for fixed drop diamters across the wid 5, of the 
Mean flow conditions were the same for the slue and ~~~~~ ~~~~~ ~ ~~ 
fully-developed flows, and were identical to Tscng e; a1.4 
This involved a water flow rate of 3.47 kds, an average jet 
M = 0.00121, exit velocity of 49.1 d s ,  R, 
Wera = 312.000. and We,a = 88\.760 and 1528; 
462,0,,, .,. 
of f:2 and 4 at& Due t&nitations of the pump, this water 
flow rate was roughly 13% lower than the atomization breakup 
condition considered by Ruff et al.1-3 for the same injectors. 
However, present flows were well within the atomization 
bnalolp regime defined in Refs. 13 and 14. 
RUR et a1.1 completed laser velocimeter mcasurements 
at the jet exit for the present injectors, spanning the present 
operating condition. For slug flow, mean streamwise 
velocities were uniform over the central region and declined 
near the wall (within 3 3 %  of the injector radius), due to 
boundary layer growth in the nozzle passage, while rms 
velocity fluctuations were roughly 1% of the mean saeamwise 
velocity over the central portion of the flow. For fully- 
developed flow, mean velocity distributions were in good 
agreement with literature values for the same Reynolds number 
range, while rms velocity fluctuations near the axis were 
somewhat larger than literature values.25.26 
Predictions of flow properties were limited to use of 
the LHF approximation similar to past work.14 A detailed 
description of the approach is provided el~ewhere.7*~3 In 
addition to the LHF approximation, the major assumptions of 
the model are as follows: steady (in the mean) axisymmeuic 
flow with no swirl, boundary layer approximations apply, 
negligible kinetic energy and viscous dissipation of the mean 
flow, buoyanc only affects the mean flow, equal exchange 
coefficients o?all species and phases, and negligible mass 
transport between the phases (no evaporation). Except for the 
LHF approximation, which was being evaluated. these 
assumptions arc either conditions of the experiments or are 
justified by successful past use, see Refs. 4 .7  and 23. The 
formulation followed the conserved-scalar formalism of 
Lockwood and Naguib”’ but used Favre averages following 
Bilger.28 Governing equations were solved for conservation 
of mass, streamwise momentum, mean mixture fraction, 
turbulence kinetic energy and the rate of dissipation of 
turbulence kinetic energy. The specific formulation. all 
empirical constants, calibration of the approach for variable 
density single-phase flows, the numerical computations and 
specification of initial conditions are described in Refs. 1,4 
and 7. 
Similar to earlier finding~?.5-~ present measurements 
of drop size distributions correlated quite well with Simmons’ 
universal mot normal dishibution function.29 The root normal 
distribution is defined by two moments: the SMD and the 
ratio of the mass median diameter (MMD) to the SMD. 
Typical of past observations?.5.6*29 MMD/SMD = 1.2 for 
present turbulent and nonturbulent flows, within experimental 
uncertainties. Thus, the entire drop size distribution will be 
represented by the SMD in the following. For this disuibution 
function, 99.7% of the spray mass is contained within the 
range 0.1 5 d@MD S 3.5 
Drop properties were measured at x/d = 6 and 25 at 
ambient pressures of I ,  2 and 4 atm. for both fully developed 
and slug flows at the jet exit. These conditions provided 
measurements yielding the experimental uncertainties 
discussed earlier. Locations farther from the jet exit, at the 
higher ambient pressures, had larger concentrations of drops 
that were difficult to analyze accurately by present methods 
due to excessive optical noise. 
Typical distributions of drop properties across the 
mixing layer for fully-developed flow, illustrating flow 
properties for turbulent primary breakup, appear in Figs. 1-4. 
See Tseng23 for similar plots at all test conditions. Figures 1- 
3 illustrate flow properties at pressures of I, 2 and 4 atm. at 
the fixed streamwise position of x/d = 6. Figures 3 and 4 
illustrate effects of increasing x/d from 6 to 25 at a fixed 
pressure of 4 arm. Trends of flow properties as streamwise 
distance and pressure chan e. however, were similar at other 
effects of x/d for fully-developed and slug flows at 
atmospheric pressure. The plots include volume-averaged 
ellipticity, ep, SMD and drop velocities for dp = IO, 50, 100 
and 200 pm. The mcasurements arc plotted as a function of 
r/x. which is the radial similarity variable for axisymmetric 
turbulent single-phase jets and plumes, however, the region 
considered is analogous to the mixing layer around the 
potential core of a single-phase jet and flow properties do not 
exhibit similarity in this coordinate system. The range of 
positions where the surface of the liquid core was observed is 
marked on the plots. The measurements extend from the 
liquid core to the outer edge of the multiphase mixing layer. 
LHF predictions of flow velocities are also shown on the 
Many of the features of volume-averaged ellipticity and 
SMD seen in Figs. 1-4 are similar to earlier observations of 
Ruff et a1.2 at atmospheric pressure, however, significant 
effects of increasing ambient pressure are observed as well. 
Thus, the largest values of e, and SMD, caused by the 
presence of large and irregular liquid elements, generally are in 
the region of the liquid surface. With increased radial 
distance. however, ep approaches unity, and the SMD 
decreases, representing smaller round drops near the edge of 
the flow. This behavior is particularly evident for results at 
atmospheric pressure, Fig. I .  and supports the presence of 
primary breakup yielding large drops which subsequently 
undergo secondary breakup. With increasing pressure at x/d = 
6. however, e, remains near unity, and the SMD is relatively 
uniform across the flow. This reflects the increased 
propensity for secondary breakup, and shorter secondary 
breakup times, for particular dro sizes and relative velocities. 
as the gas density increases) This altered behavior at 
increased gas densities also is evident from the substantial 
reduction of SMD near the surface as the ambient pressure 
increases. Superficially, this suggests merging of primary and 
secondary breakup processes as the ambient pressure 
indicated that the mechanism was mainly a modification of the 
primary breakup mechanism itself, with increasing pressures 
yielding shorter ligaments protruding from the surface. This 
behavior implies either enhanced Rayleigh breakup, from 
increased strain on the ligaments. or drop stripping from the 
tips of ligaments, due to increased aerodynamic forces on the 
surface of the ligaments at higher ambient densities. 
Effects of streamwise distmce on e, and SMD Seen at 
atmospheric pressure,”d still are preserved at elevated 
pressures for present test conditions. Thus, comparing results 
at x/d = 6 (Fig. 3) and 25 (Fig. 4) shows increasing ep and 
SMD with increasing distance from the jet exit that is 
characteristic of turbulent primary breakup.6 Smaller relative 
velocities, caused by faster mixing rates at elevated pressures, 
also are probably a factor in this behavior. These potential 
interactions between turbulent breakup and aerodynamic 
effects will be taken up later, after relative velocities and local 
s p y  Weber numbers have been quantified. 
Disuibutions of drop velocities in Figs. 1-4 have been 
normalized by the mass-averaged velocity at the exit of the jet. 
In general, there are substantial differences between the 
velocities of drops of different size, with drop velocities 
generally overestimated near the liquid core and 
underestimated near the edge of the flow by the LHF 
predictions. This is clear evidence of significant separated 
flow effects, typical of past observations within dilute 
sprays.2.3 Drop velocities tend to decrease with increasing 
radial distance (reflecting effects of longer residence times in 
the flow for drops farther from the surface) and reduced drop 
diameters (reflecting smaller velocity relaxation times of 
smaller drops). Increasing pressure and x/d tend to decrease 
This is due to reduced velocity relaxation times with increased 
conditions, see Ruff et al. 4 for extensive results showing 
u 
plots 
increases. However, observation of hologram reconstructions W 
velocities for particular drop sizes near the edge of the flow. v 
ambient pressures for the Reynolds numbers typical of drops 
in sprays. Drops near the surface are less affected by x/d 
increases, however, because they tend to be recently formed 
and have velocities representative of the liquid core which do 
not change significantly over the range of present 
obse~a t ions .~  
A surprising feature of the velocity measurements 
illustrated in Figs. 1-4 is that the velocities of small drops, 
which provide a reasonable upper bound for gas velocities, 
remain low and relatively uniform across the flow- 
particularly at atmospheric pressure and small x/d, see Fig. 1. 
This implies that momentum exchange between the liquid and 
gas is not very effective. Such behavior is caused by the 
relatively large velocity relaxation times of large drops which 
contain most of the liquid momentum. Subsequent 
considerations will show that liquid volume fractions are 
relatively low in the multiphase mixing layer, reducing 
available interfacial area, which also contributes to reduced 
momentum exchange to the gas phase. A result of this 
behavior is that relatively low gradients of gas velocities 
reduce conventional production of turbulence, while large 
relative phase velocities promote turbulence generation by 
drops, so that turbulence properties in the multiphase mixing 
layer near the jet exit are probably quite different from more 
conventional turhulent flows.7.8 
hase V m  . .  
The LHF predictions yielded mass-weighted P a m ) -  
averaged velocities; therefore, present measurements were 
used to compute these velocities, similar to Ruff et To do 
this, mean gas velocities Hiere taken to be equal to the mean 
velocities of 5 pm diameter drops, which represents the 
smallest drop size that could he resolved during the 
holography measurements. Naturally, velocities of drops of 
this size only represent a potential upper bound for gas 
velocities because their velocity relaxation times are too large 
for them to be accurate seeding particles to find gas velocities. 
However, this effect is not very significant because the large 
drops contain most of the mOmenNm of the flow. Favre- 
averaged velocities were found by summing over the sample 
volume V, containing N drops, as follows: 
The evaluation of Eq. (1) only involved the dispersed-flow 
region where drops had separated from the liquid surface. 
This underestimates the hue Fam-averaged velocity near the 
liquid surface because contributions from the liquid core and 
attached ligaments are ignored. The wrrection for the volume of the drops when finding the contribution of the gas-phase to 
u was not very significant for present test conditions because 
liquid volume fractions were relatively small, less than 0.1%. 
in the dispersed-flow region. 
Mean phase velocities for fully-developed and slug 
flow jet exit conditions are illustrated in Figs. 5-8. At each 
streamwise station and jet exit condition, velocities are plotted 
as a function of rlx with ambientgressure as a parameta. 
Three mean velocities are shown: u,  found from Eq. (I) ,  iig 
taken to be the mean time-averaged velocities of drops having 
a diameter of 5 pm, and the LHF predictions. Two 
predictions are illustrated for slug flow to indicate potential 
effects of the boundary layer forming along the walls of the 
injector passage: one for L/d = 0 where the presence of the 
boundarv laver is ienored. and one allowine for boundan, . ~ ~~ . ~ ~~~~~ ~~~o ~~ 
lay& devefopmcn; for a length L/d = 5 followin;: 
Schlichting?s see Refs. I and 4 for descriptions of the latar 
predictions. These conditions bound the range of possibilities 
for the present slug-flow inject0r.l Finally, the range of 
positions where the surface of the liquid core was observed is 
marked on the plots for reference purposes. 
Except for two conditions which may not be 
representative (Fig. 6 at 4 atm. and Fig. 8 at 1 atmJ measured 
values of ii generally are significantly larger than?g near the 
liquid surface with differences between these velmaes tending 
to decrease with increasing radial distance, ambient pressure 
and x/d. Thus, the dense-spray region near the liquid surface 
is characterized by large relative velocities that help pmmotc 
primary and secondary breakup. Mean gas velocities are 
relatively low, with the corresponding low mean velocity 
gradients and large relative velocities near the liquid surface 
favoring turbulence generation by drops in comparison to 
conventional turbulence production by mean velocity 
gradients. as discussed earlier. 
'The LHF predictions of Z are generally not very 
satisfactory in Figs. 5-8. because present measurements 
emphasize near-injector conditions where effects of separated 
flow remain important. Nevertheless, they tend to improve 
with increasing distance from the jet exit and ambient pressure. 
This behavior is in  accord with earlier scaling arguments:3 
with improved performance with distance resulting from the 
increased residence times of drops in the gas phase, and with 
improved performance with increasing pressure resulting from 
generally smaller drops that have shorter velocity relaxation 
times. Nevertheless, the tendency toward better agreement of 
LHF predictions comes about because large drops generally 
dominate the momentum content of the flow, similar to 
behavior at larger liquid volume fractions where the liquid core 
is pre~ent.~*4 The small drops, and pmhahly the gas, all have 
velocities that are generally much smaller than ii. In fact, some 
of the apparent improvement of LHF predictims near the edge 
of the flow is due to the method of plotting Figs. 5-8 because 
all velocities become small so that differences between them 
are not very apparent. Similar to the fmdings of Ruff et al.3 at 
atmospheric pressure, Favre-averaged separated flow factors, 
&iig)fif, generally have values greater than 0.6 for the range 
of present measurements?3 Finally, there is a tendency for 
LHF predictions to be better for slug than fully-developed 
flow, aside from the two untypical conditions noted earlier. 
This comes about because drop sizes are generally smaller for 
nonturhulent than turhuleut primary breakup, yielding drops 
having shorter velocity relaxation times.256 
The extent of the region where the liquid core is 
observed is another feature of interest seen in Figs. 5-8. In 
general, the width of this region does not vary appreciably at a 
fixed x/d as the ambient pressure varies. However, the effect 
of liquid turbulence on the liquid core is appreciable, with 
turhuleut jet exit conditions causing the surface of the liquid to 
move over a wider range of radial positions and to penetrate 
farther from the flow axis at a given streamwise position. This 
behavior is due to distortion (flapping) of the liquid core by the 
large scale features of the turbulence. which tends to promote 
mixing, just like the smaller features of the turhulence tend to 
promote primary breakup. That these characteristics are 
dominated by jet exit conditions, rather than aerodynamic 
effects, is supported by the relatively small effect of ambient 
pressure on liquid surface properties, as well as LHF 
predictions that indicate relatively slow changes of turbulence 
properties at large li uid volume fractions with increasing 
streamwise distance.'%. 
v
Similar to Ruff at d.,3 the propensity for secondary 
breakup in the mixing layer was assessed by computing mass- 
averaged Weber numbers. Rather than summing over the 
entire drop size distrihution similar to Ref. 3, however, w% 
was found from the measured values of phase velocities and 
SMD, as follows: 
meg =p&. i ig)2s~/a (2) 
4 
This definition has the advantage that maximum values of 
individual dmp Weber numbers 
wem= pgdp(up-i@o (3) 
are related quite simply to wef .  I n  particular, K f  - tS is 
characteristic of the relative ve ociues of the largest drops, 
while maximum drop diameters are 3-4 times larger than the 
SMD for the universal 1001 normal size distribution function. 
Therefore. maximum We are roughly 3-4 times larger than 
%'ec , while more than 8% of the mass of the spray have 
W e b  larger than Wee 
Criteria for secondary breakup largely depend on drop 
Weber numbers for ~ I O D S  havine low Ohnesoree numbers and 
large pI/p ,representative of present test condhons.3,to One 
criterion &r water drops accelerated by shock waves is:to.l'J 
(4) 
Recent work in this laboratory for similar conditions finds 
Wep= 12.3I Slower disturbance rates for water drop> falling 
in air also yield Wegp* on the order of IO for water drups in 
air.3j2 Finally, Weg on the order of unity indicates the onset 
of conditions where &ups deform from a spherical shape after 
shock wave disturbances at low Ohnesorge numbers and luge 
Disrributions of %'eg are ploltrd as a function 01' r jx ,  
with ambient pressure and jet exit conditions as parsmetm. in  
Figs. 9 and IO. As before. the range of positions of the liquid 
surface is shown on the plots for reference purposes. 
The results in  Figs. 9 and IO show that %'e dwrrases 
monotonically with increasing radial distance. d o i t  of the 
drops at the liquid surface exceed the criterion for deformstion 
but drops near the edge of the flow are well below this 
criterion. Direct obscrvations of drop shapes from holugrm 
reconstructions agree with behavior snticipatcd frutn the 
deformation criterion: deformed drops were quite prevalent 
near the liquid surface while drops near the edge of the flow 
were generally spherical. This behavior contributes to 
decreasing values of e with radial distance, approaching uni ty  
near the edge of the Row, although the presence of irregular 
ligament-like drops contributes to large values of ep neilr the 
surface as well. 
Results illustrated in Figs. 9 and 10 also $how 
significant potential for near-limit secondary breAup near the 
liquid surface for some conditions. In particular. all 
conditions at atmospheric ressure, as well as all conditions at 
unstable to secondary breakup near the liquid surface. 
However, drops near the cdge of the flow generally havc 
W%, that are lower than the breakup criterion of Eq. (4). This 
suppons the hypothesis that reduced SMD with incrcsiing 
radial distance in  Figs. 1-4 is caused by secondary brcakup. 
Near the edge of the flow, drop stability is increased L a u s e  
drops in this region havc had relatively long residence times in 
the mixing layer. which provides time nwded for sc:ond:iry 
breakup and accomnlodation to gas velocities. 
Effccts of jet exit conditions also can be seen from the 
results illusuatcd in Figs. 9 and 10. Turbulent primary 
breakup generally yields larger drops than nonturbulcnt 
primary breakup, while the velocities of the largest drops near 
the liquid surface tend to appwch liquid core vclwidcs u,hish 
are essentially the same in  both cases, see Figs. 5-R lhus  
Weg are largest near the liquid surface, with grcatest 
propensity for secondary breakup for fully-devcloprd j c t  n i t  
conditions (aside from the untypical behavior at x/d = 2 5  and 4 
aim.. mentioned earlier). The trndencv for oroieiscs of 
Wedp> Wem* = 6.5 - IO 
PdPg.31 
x/d = 25,  involve signi P [cant fractions of drops that are 
prim'ary and swondary breakup io k r g e  ai eleva& prc\wrr.s 
for f u l l y  developed flow also is evident from tlie 
corresponding reduction of %'eg at the liquid surface that is 
particularly noticcable for fully-developed flow. This effect 
will be discussed in greater detail in the next section. 
. Recent studies have 
y i e l d e d l s  after turbulent and 
nonturbulent primary breakup.5.6 These results were 
developed from measurements for a variety of liquids injected 
into air at atmospheric pressure; therefore, it is of interest to 
evaluate them for potential effects of varying ambient gas 
density using the present measurements. This will be done in 
the following, beginning with turbulent breakup. 
Wu et d.6 develop an expression for the SMD after 
turbulent primary breakup, ignoring aerodynamic effects. 
The correlation is based on the projection of liquid elements 
from the surface by radial velocity fluctuations, relating 
element size and velocity to the turbulence spectrum within the 
inertial region. The size of elements leaving the surface is 
taken to be the largest turbulent scale that can complete its 
growth at a particular point, with the length of the element 
determined by Rayleigh breakup considerations. The 
maximum size produced by this mechanism is taken to be 
proportional to the integral scale. For second wind-induced 
and atomization breakup conditions, the resulting expression 
for the SMD after primary breakup is: 
ShWA = 0.69(x/(A WefA'n(1 + 3 OhA)))m (5 )  
or 
S M D = A  (6) 
whichever is smaller, where A is the crosstream integral scale 
of the flow. Notably, this expression only involves properties 
of the liquid phase because aerodynamic effects have k e n  
ignored. 
Present measurements of SMD along the liquid surface 
for fully developed flow, along with the predictions of Egs. 
(5 )  and (6). are summarized in the upper pan of Table 1. The 
agreemen! between predictions and measurements at 
atmosphenc pressure, corresponding to the range of pf/ps 
used 10 develop Eqs. (5 )  and (6). is excellent. However, the 
predictions do not anticipate the substantial reduction of drop 
sizes after primary breakup as the ambient pressure increases. 
The progressive reduction of S M D  with increasine Dressure 
v 
cleariy suggests the presence of aerodynamic effecldthat are 
not considered in the phenomenological theory used to develop 
Eas. 15) and f6). 
1 , I  
A c&&s feature of the failure of Eqs. (5)  and (6) to 
correlate SMD after primary breakup at pressures of 2 and 4 
a m .  is that these expressions were developed over a wide 
range of Wegd, with resulting wide variations of aerodynamic 
forces; thus, the problem largely appears to be related to the 
variation of density ratio. Insight concerning this behavior can 
be obtained by considering the residence times of a typical 
ligament breaking away from the surface and secondary 
breakup times for liquid elements of comparable size, using 
the integral-scale limit to simplify the discussion. Taking the 
length of the ligament at the time it separates to be e&and the 
velocity of liquid flow into the ligament to be v'f. the 
characteristic residence time of the ligament during its 
formation is 
zr = Cf5pWf (7) 
where Cr is a constant on the order of unity. The mode of 
aerodynamic breakup of the ligaments is not known; 
fortunatel breakup times are relatively independent of 
mode.33.34' 
Adopting the correlation Ranger and Nicholls34 for v 
shear breakup. and taking the characteristic ligament 
dimension to be A, yields the characteristic aerodynamic 
breakup time of the ligament, as follows: 
t where C, is an empirical constant of order unity to allow for 
shape differences between drops and ligaments, and the 
relative velocity has been taken to be uo, which is 
representative of velocity differences between ligaments 
extending from the surface and the local gas velocity. Solving 
for the ratio of Eqs. (8) and (7) then yields: 
Q.4 = (5 C~Clep)(Pf/Ps)'~(?tUd (9) 
Noting that turbulence propertie2 within the liquid do not 
change appreciabl with position, v'tu,, is simply the intensity 
of radial velocity h;ctuations at the jet exit which is a constant 
for the fully-developed turbulent pipe flow. Thus, Eq. (9) 
indicates that the relative importance of aerodynamic breakup 
effects only depends on the density ratio, in agreement with 
the present measurements and the Observations of Ref. 6. 
Equation (9) also suggests that the transition from 
turbulent breakup due to liquid turbulence alone, to conditions 
where aerodynamic effects also are important, occurs at 
pressures on the order of atmospheric pressure. For example, 
ep generally is in the range 2-4 at the liquid surface for 
turbulent breakup, see Ref. 2 and Figs. 1-4; therefore, it is 
reasonable to take the fmt factor on the right hand side of Eq. 
L9) to be of order unity. The radial turbulence intensity, 
v'du,,, for fully-developed turbulent pipe flow generally is in 
the range 0.03-0.05.25.26 Then, at ambient pressures of I ,  2 
and 4 atm. for water and a i r  pf/ps = 846, 423 and 212. 
yielding I& = 1.2,0.8 and 0.6 (takmg the radial turbulence 
intensity to be 0.04). These results suggest that aerodynamic 
effects begin to become important at ambient pressures on the 
order of 1 atm., and that this transition is largely a function of 
density ratio, which agrees with the S M D  data of Table 1. 
More study is needed to refine these order of magnitude 
considerations, however, present findings clearly show that 
use of Eqs. ( 5 )  and (6) to find S M D  for pf/p, outside the 
range considered in Ref. 6 is not appropriate. 
v 
however, processes of nonturbulent breakup are notoriously 
sensitive to small disturbances within the injector so that 
differences in the injector passage design may be a factor. In 
any event, unlike turbulent primary breakup. present 
observations of the trends of nonturbulent primary breakup 
with variations of pf/pg appear to be consistent with the 
observations of Ref. 5. It should be noted, however, that 
parameters controlling secondary breakup (see Eqs. (4) and 
(8)) respond more rapidly to increased gas densities than thosk 
controlling nonturbulent primary breakup (see Eq. (IO)). 
Thus, higher pressures than considered here may involve 
merging of primary and secondary breakup, similar to present 
observations of turbulent primary breakup: this possibility 
should be explored. 
Measured and predicted distributions of liquid volume 
fractions and fluxes are illushated in Figs. 11 and 12 for both 
fully-developed and slug flow. Measurements of liquid 
volume fractions include both present findings, using 
holography, and those of Tseng et using gamma-ray 
absorption for the same flows. LHF predictions for slug flow 
are shown at the limits U d  = 0 and 5 as before. The range of 
locations of the liquid surface also are indicated on the plots. 
The measurements of liquid volume fractions by 
gamma-ray absorption generally yield larger values than those 
found by holography in the region where they overlap in Figs. 
11 and 12. This region is associated with the presence of the 
liquid core; therefore, the main reason for the differences is 
that the holography measurements do not include the 
significant conhibutions of the liquid core and the attached 
ligaments promding from its surface. Thus. the discrepancy 
largely reflects reduced liquid volume fractions anticipated 
when moving from a liquid region to a fully-dispersed 
multiphase flow region. Liquid volume fractions in the 
dispersed-flow region don't vary appreciably with increasing 
pressure and distance from the jet exit, with maximum values 
remaining at roughly 0.1%. .For liquid volume fractions of 
this magnitude, effects of collisions are not very significant.7 
Distributions of liquid volume fractions are generally broader, 
with hieher liauid volumc fractions in the disoersed-flow .. . 
r e h n  &r full;-develoned than slur flow. Thi;reflects the o~.. ...- ~~, -. . -.. r~~ .~-o~~. . ~~~~. ~~ ~~ ~ ~~. 
pWu et ai.' have 
developed an expression giving the SMD after primary 
breakup for slug flow at the jet exit. This expression is based 
on aerodynamic shipping of boundary layers formed on the 
windward side of waves along the liauid surface. For liauid 
faster mixing rates of the turbulent breakup process at the 
liquid surface. The LHF predictions of liquid volume 
fractions are reasonably good up to the outer edge of the 
region where the liquid surface is present, which involves 
liauid volume fractions meater than 0.1. Thereafter. the LHF 
Reynolds numbers based on dhnce ' f rom the jet exit gr&ter 
than 2 x 106, which corresponds to present conditions, a 
fully-developed breakup regime is entered where the SMD 
after primary breakup is relatively independent of distance 
from the jet exit. Within this regime, the correlation for S M D  
along the surface is region. 
pkdictions only bear > crude resemblance to measured 
properties in the dispersed flow region: in pan because the 
measurements ignore the presence of the liquid surface and 
attached ligaments, as noted earlier, and in pan, because of the 
significant effects of separated flow in the dispersed-flow 
The liquid flux measurements and predictions 
i l l namre i  in F i p a ~  11  nnd 12 aw. ndi t s t ive lv  similar tn the 
Wegsm = 16(Weg~c@)0.*2 (10) 
_l__ .. D - .  - -  --  -- - .... . 
where the Weber and Reynolds numkrs are b a d  on mean jet 
exit velocity. assuming smd11 variations of velocity within the 
liquid core and small gas velocities along the surfaic .. the 
latter eenerallv correrrrondine to oresent observations and 
liquid volume fractions. Fluxes for fully-developed flow 
generally are higher than for slug flow due to the faster rates of 
turbulent primary breakup (except for the untypical behavior 
for fullv-develooed flow at xld = 25 and 4 am.. Fie. 12. 
- 1  
those 6f Ref. f. 
Present measuremnts of SMD along the liquid surface 
for slug flow, along with the predictions of Eq. (10). are 
summarized in the lower pan of Table 1. In this case, 
measured S M D  are affected only slightly with increasing 
pressure and distance along the surface - trends that are 
consistent with the predictions of Eq. (10) as well as effects of 
distance within the fully-developed nonturbulent breakup 
regime observed in Ref. 5.  However, the predictions do 
overestimate the measured S M D  by roughly a factor of two 
J which is larger than the scatter of the data used to develop Eq. 
(lO).s Specific reasons for this deficiency are not known, 
noted e h e r ) .  Measurements of liquid fluxes do not account 
for contributions from the liquid core and its attached 
ligaments and underestimate fluxes in the region of the liquid 
surface as a result. Accounting for this, the LHF predictions 
are in qualitative agreement with the measurements, although 
consideration of separated-flow effects is needed to develop a 
quantitatively accurate methodology. There is little evidence of 
improved performance of the LHF approach with increasing 
pressure for liquid volume fractions and fluxes. The reason 
for this is that present measurements emphasize the near- 
injector region where separated-flow effects are still very 
significant 
6 
The near-injector region of press&-atomized sprays 
was investigated at various ambient gas densities, considering 
atomization breakup conditions for both fully-developed and 
slug flow at the iet exit. The main conclusions of the study are 
as follows: 
1. Similar to earlier observations at atmospheric 
pressure,2,3.5*6 drop sizes at each point satisfied 
Simmons' root-normal drop size dist~ibutions,~~ with 
an MMDISMD ratio of 1.2. Thus, the entire drop size 
distribution can be characterized by a single moment. 
like the SMD. 
Drop sizes after primary breakup generally were larger 
for fully-developed than for slug flow jet exit 
conditions, highlighting the importance of injector 
passage disturbances on spray roperties. The 
primary breakup was in excellent agreement with 
present measurements at amspheric pressure - the 
same ambient pressure uscd to develop the correlation. 
However, the correlation did not represent measured 
trends of reduced SMD after primary breakup as the 
ambient pressure increased. This suggests the 
presence of aerodynamic effects, or merging of 
primary and secondary breakup, that were not 
considered when the correlation was developed. The 
difficulty is largely associated with an effect of density 
ratio; therefore, the correlation of Ref. 6 should not be 
2. 
correlation of Wu et a1.6 for S Mb after turbulent 
used outside the range of p f f p S  originally used to 
define it. 
3. Measured trends of effects of ambient pressure and 
distance from the injector on SMD after nonturbulent 
primary breakup were in good agreement with the 
correlation developed by Wu et which includes 
consideration of aerodynamic effects. This implies 
relatively small effects of ambient pressure on drop 
sizes after nonturbulent primary breakup so that 
merging of primary and secondary breakup at higher 
pressures may still be a factor, due to the larger 
response of secondary breakup processes to changes in 
gas density: this potential limitation requires additional 
study before the correlation of Ref. 5 can be applied 
confidently to high-pressure sprays. 
Spray Weber numbers after primary breakup imply that 
a significant fraction of the drops will undergo near- 
limit secondary breakup (particularly at low pressures 
and far from the injector) while most of the drops 
exceed conditions where they deform from a spherical 
shape even if they do not undergo secondary breakup. 
Drops near the edge of the flow, however, have Weber 
numbers well below values associated with secondary 
breakup and deformation. These trends were generally 
in accord with measured radial variations of drop sizes 
and shapes. 
5 .  Similar to earlier observations at atmospheric 
pressure,2 liquid volume fractions in the dispersed- 
flow region beyond the liquid surface were relatively 
low. less than 0.1%. Thus, the flow in this region 
corresponds to a dilute spray, aside from added 
complications of secondary breakup and irregulm or 
deformed drops. 
Fane-averaged separated flow factors, @&)fir, were 
generally greater than 0.6 throughout the dispersed 
flow region, implying significant effects of separated 
flow and surprisingly low gas velocities even near the 
liquid surface. These effects suggest that turbulence 
generation by drops,'.* is a major feature of the 
4. 
6. 
dispersed flow region. 
Predictions based on the LHF approximation were 
only qualitatively useful due to significant separated- 
flow effects in the dispersed-flow region. 
Performance of the LHF approach, however, tended to 
improve with increasing liquid volume fractions, 
ambient pressure and distance from the injector. 
Pending resolution of existing uncertainties about the 
propemes of primary and secondary breakup, the LHF 
approach offers a useful treatment of sprays in the 
atomization breakup regime at high ambient pressures 
where drop sizes are likely to be small. It should be 
recognized, however, that the LHF approach will 
overestimate the rate of development of the flow by a 
degree that cannot be quantified until uncertainties 
about breakup and other properties of the newinjector 
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Table 1 Measured and predicted SMD (pn) along 
liquid surfaces 
Pressure (aun.) 1 2 4 
xld 
Meas. Pred. Meas. Pred. Meas. Red, 
Fully-Developed Flow:b 
6 343 374 133 374 70 374 
25 940 968 343 968 157 968 
Slug Fl0w:c 
6 117 241 100 213 98 188 
25 143d 215d 140 213 138 188 
and 56d. 
aMomentum averaged injection velocity ( d s )  of a b ,  48C 
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Fig. 1 Dispersed-phase propties for fuWdeve1oeed Fig. 3 Dispersed-phase properties for fully-developed 
flow atdd =6and 1 am. flow at x/d =, 6 and 4 am. 
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Fig. 2 Dispersed-phase properties for fully-devehed Fig. 4 Dispersed-phase properties for fully-developed 
flow at x/d = 6 and 2 am. flow at x/d = 25 and 4 am. 
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Fig. 5 Mean-phase velocities for fullydeveloped flow at 
d d  = 6. 
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Fig. 6 Mean-phase velccities for fully-developed flow at Fig. 8 Mean-phase velocities for slug flow at d d  = 25. 
x/d = 25. 
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~ i ~ .  9 Fane-averaged hop  weber nUmbers for fully- 
developed and slug flow at x/d = 6. 
Fig. 11 Liquid volume fractions and fluxes for fully- 
developed and slug flow at x/d = 6. 
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Fig. 10 Fane-averaged drop Weber numbers for fully- 
developed and slug flow at x/d = 25. 
Fig. 12 Liquid volume fractions and fluxes for fully- 
developed and slug flow at x/d = 25. 
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